Like many countries, Botswana is no exceptions when it comes to experiencing energy challenges due to fossil fuel depletion and increase in prices. The world is shifting to green energy due to growing environmental concerns over global climate change caused by greenhouse gas emissions from fossil fuels. Besides fossil fuels, biogas can be utilised to meet the rising energy challenges. Biogas can be obtained from anaerobic digestion of biodegradable waste in the absence of oxygen. Different feedstock's can be used to produce biogas through anaerobic digestion and this is referred to as co-digestion. Though it is not a new method of producing biogas, studies showing process simulation and analysis are limited, in particular the co-digestion of food waste and cow-dung. This paper evaluates the amount of biogas produced from co-digestion of cow dung and food waste using Advanced System for Process Engineering (Aspen) Plus software. The stoichiometry method is used to estimate the amount of biogas released from co-digestion and the electrical production potential also calculated.
Introduction
Biogas consists of methane (55-75 % vol) and carbon dioxide (25-45 % vol) and other traces of hydrogen released due to anaerobic digestion of bio-degradable materials [1] . The methane produced due to its high calorific value (~39.4 MJ m-3) can be used for heating, upgrading to natural gas quality or for electricity generation [2] . In anaerobic digestion (AD), several microorganisms work in coaction to form methane and carbon dioxide. The fermentation in AD results in the breakdown of complex biodegradable materials due to a four stage process including hydrolysis, acidogenesis, acetogenesis, and methanogenesis [3] . In the hydrolysis stage, large protein macromolecules, fats and carbohydrates polymers are broken down to amino acids, long chain fatty acids and sugars. The acidogenesis stage involves the fermentation of the products of hydrolysis to form volatile fatty acids (VFA) mainly lactic, propionic, butyric and valeric acid. The acidogenesis stage involves the conversion of VFA's to acetic acid, hydrogen and carbon dioxide. Finally, methanogens convert acetogenesis products into methane and carbon dioxide [3] - [5] Co-digestion is the use of a variety of feedstocks in the digester to ensure sustainability. It stabilises the nutrients in the digester while also increasing the amount of biodegradable feedstock available for digestion. This in turn leads to increased biogas yield [6] . Many studies have shown that biogas performance increases due to codigestion of energy crops with manure thus increasing methane yield [7] - [12] . In a study carried out by Astals [13] , it was concluded that co-digestion of pig manure with 4% glycerol under mesophilic conditions led to an increase of 400% in biogas production on a wet basis in contrast to mono-digestion. Park [14] , in his study also showed the benefits of co-digestion when it was discovered that there was an increase in volumetric reactor productivity and specific methane yield due to increased loading rate when co-digesting algal biomass residue and FOG (fat, oil and grease waste). Yusuf [15] , also showed the feasibility of improving methane yield, by co-digesting cow dung, waste paper and water hyacinth. As mathematical models have evolved in trying to predict biological reactions in anaerobic digestion, there has been a natural progression to packaging of the models into software. Nowadays, there are several simulator packages available on the market for anaerobic digestion, such as Aquasim, BioWin, Simba, STOAT (Sewage Treatment Operation Analysis over Time), WEST (Worldwide Engine for Simulation, Training and Automation) and Aspen Plus [16] - [18] . General purpose platforms, like MATLAB and Simulink, are frequently used for the simulation of wastewater treatment system control. Aspen Plus Simulator is utilised to demonstrate and predict the performance of a process that involves chemical reactions. It is generally used to investigate the effects of various operating parameters on different reactions. With its capability of process simulation, it allows the use of basic engineering relationships for cases of mass and energy balances, phase and chemical equilibrium and hence can simulate actual plant behaviour [19] - [22] . Different methods and models can be used to estimate biogas potential. Three different methods can be employed. These methods include: (1) calculations via Chemical Oxygen Demand (COD), the method allows the calculation of methane content only and not the biogas composition, (2) via Buswell formula, where it is possible to calculate the amount and composition of biogas, but only for an overall stream not considering the degradability of components [23] . This paper employs the use of method 3, i.e. stoichiometry reaction, this enables the calculation the amount and composition of biogas by using fractional conversion factors for different components. The method only considers the degradable components converted to methane. Various authors have used Aspen Plus to simulate process flow. Rajendran et al [2] , used a total of 46 reactions in a Novel process simulation (PSM) for biogas production in anaerobic digesters using Aspen Plus. Begum et al. 2014 also used a numerical model in Aspen plus to carry out experimental & numerical investigation of fluidized bed gasification of solid waste. Experimental results were used to validate the model and a variation of 3 % was discovered between simulation and experimental results. Doherty et al [25] carried out an aspen plus simulation of biomass gasification in a steam blown dual fluidised bed.
A model carried out in Aspen Plus was used to simulate fast internally circulating fluidised bed (FICFB) using Gibbs model as a base. The model was validated and gave good results against published data. Hoffmann et al [26] also carried out a conceptual design for an integrated hydrothermal liquefaction plant and biogas plant. An initial estimate was determined from the study with regards to bio refinery plant.
In this work, three models were developed using Aspen Plus® V 8.1. The models showed 3 cases, thus, cases 1& 2 showing food waste and cow dung as single feedstocks respectively. Case 3 shows co-digestion of both food waste and cow dung.
Methods and Model details 2.1 Methods
Estimation for food waste was based on works carried out by RecycleWorks on standard food waste produced based in industrial published reports and studies. The standard food waste estimates are shown in Table 1 [27]- [30] In estimating food waste estimate, Figure 1 shows that the most producers of waste in Palapye are restaurants followed by supermarkets. Elementary and secondary schools produce close to equal amounts of food waste as colleges and universities while the less producers of food waste is from the hospital as the only primary hospital in the village with capability of admitting patients.
Data from field work and Rural Administration Council (RAC) of Palapye shows that, potential food waste producers are restaurants and supermarkets. Detailed data on numbers of potential food waste producers are shown in Table 2 . Using the data in Table 2 , food waste estimates were calculated based on field work data concerning number of students in colleges and universities, elementary and secondary schools. For lodges and hotels, data concerning number of rooms were used while for supermarkets and restaurants, number of employees were used in calculating food waste potential. Table 3 shows amount of food waste generated from different industries in Palapye per hour. It is evident that most food waste is generated from restaurants and supermarkets. Estimating cow dung waste available for co-digestion, estimates were based on collection points at cluster boreholes and abattoirs in Palapye. Data shows that, at least 200 cows are fed at cluster boreholes a day while the only abattoir in Palapye is able to process at least 25 cows a day with a working capacity of 100 cows a day [31] .It is estimated that a single cow produces 4.5kg of cow dung waste per day of which 60% is recoverable [32] , using this data, it is estimated that 607.5 kg per day i.e. 25.3125 kg/hour, is available for digestion. To simulate biogas production, the degradation reactions that only produce methane and carbon dioxide as end products are considered as shown in Table 4 [23] . This is explained in detail in Section 2.2. 
Model description
In simulating the biogas plant, the stoichiometry method was adopted [23] . Through this method, the degradation paths as indicated by reaction phases are defined. The paths incorporated carbohydrates and proteins while fats were left out as their end products do not include methane and carbon dioxide (Table 4) . Fractional conversion factors for each component can be defined to describe the degradability of the component. In this simulation, the fractional conversion factors for all reactions are shown in 
Model development and operations
The process simulation model is developed mainly based on degradation paths that produce methane and carbon dioxide as end products. These degradation reactions mainly include carbohydrates and proteins and these were collected from previous works [2] , [23] . In developing the model, three cases were modelled using Aspen Plus software. The first case showed a simulation based on a single feedstock, i.e. cow dung (Figure 2) . The water to be used in the simulation was calculated using a calculator block that has a FORTRAN program. The second case also involved a simulation of a single feedstock, i.e. food waste .The water to be used in the simulation was also calculated using a calculator block that has a FORTRAN program. Case 3 involved the codigestion of both food waste and cow dung mixed with water ( Figure 3 ). The water used for mixing was also calculated using a calculator block that has a FORTRAN program.
Assumptions
The following assumptions were considered in this study: 
Feed stream
As indicated by simulation cases, the feedstock to be used involves both food waste and cow dung. To be able to carry out simulation source data is needed in terms of mass composition of proteins and carbohydrates in feed stocks. The data concerning cow dung is collected from previous literature (Food and Agriculture Organisation of the United Nations) and shown in Table 6 . Data concerning food waste is also compiled from different sources to be able to perform simulations as shown in Table 7 . Feedstock available for digestion of both cow dung and food waste is assumed to be 607.5 kg/day and 1968.648 kg/day respectively.
Data used in simulation
In cases were data is given in % DM content, composition content was calculated to enable simulations to be done in kg/hour. Table 8 shows data used in the simulator. Since some compounds use the same stoichiometry as indicated in Table 4 , based on the availability of information from literature, the reactions are either separated or compounds added for simplicity and simulated as one compound. For example, hemicellulose, xylan and arabinan both share the same stoichiometry therefore mass compositions are summed to use in the simulator. 
Electrical power potential
In countries affected by low natural resources and inadequate distribution of energy supplies, it is possible to use methane generating equipment to meet the electrical demands. In calculating the electrical energy demand, data adopted from Onojo et al [33] indicate that 1 kWh is equal to 3415 Btu and a simple gas turbine has a fuel consumption of 10 000 Btu/kWh using a plant factor of 0.34. The methane consumption of a simple gas turbine is therefore assumed as 0.21kg/kWh.
Electrical power potential is calculated as:
(1.0) 
Results and discussion
Calculation of methane was scaled up to 93.75 kg/hour and 82.027 kg/hour for both cow dung and food waste respectively. Process parameters include 25ºC as operating temperature and pressure of 1 bar. Table 9 summarises the obtained results of methane produced from the three modelled cases, maximum biogas potential was calculated via the developed Aspen Plus models following the stoichiometry method. The results are shown in the sense of methane flow rate. In calculating electrical potential energy using Equation 1.0, it was found out that food waste alone produces 285.26 kWh while cow dung produces 97.45 kWh. The co-digestion model showed that the electrical energy potential is at 401.02 kWh. It can be seen in Table 10 that biogas composition simulation is also in good agreement with theory concerning stoichiometry method. This is true since the path degradation show that equal moles of carbon dioxide and methane are produced in stoichiometry reactions used in the simulations. The results are also in good agreement to data presented by Wukovits et al [23] in which this simulation is built upon. In validating the stoichiometry models for mono-digestion proposed, various experimental data were simulated using the models (Table 11) It can be noted that both cases show a vast difference in simulated results. This is attributed to the fact that stoichiometry method only takes into account reactions that produce methane and carbon dioxide while experimental data methane potential takes into account all four stages of anaerobic digestion. It is therefore not startling that there is a high deviation with experimental and simulated results. While this model is based on mass composition data from literature review, some carbohydrates could not be found in literature hence their absence limited the biogas potential. It can also be noted that a variation in operating temperature does not change the methane potential from the simulation cases as explained under assumptions while experimental anaerobic digestion is affected by temperature. This also leads to a tremendous in discrepancy of results.
Conclusion and future works
The paper presents the simulation of various cases of feedstocks through process simulation. The cases are based on the feedstocks food waste and cow dung. High biogas potential is realised in co-digestion simulation followed by cow dung and lastly food waste. High biogas potential in co-digestion creates high electrical energy potential in the simulation case followed by cow dung and lastly food waste.
While this work involves mass compositions from literature review, enhanced accuracy can be achieved by carrying out laboratory experiments on local food waste and cow dung. The stoichiometry only addresses equations that produce methane and carbon dioxide; this can be improved by including rate kinetics, pH and temperature effects and inhibitions.
